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FALSIFICATION OF MATCHING THEORY:
CHANGES IN THE ASYMPTOTE OF HERRNSTEIN’S

HYPERBOLA AS A FUNCTION OF
WATER DEPRIVATION
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Five rats pressed levers on variable-interval schedules of water reinforcement at various levels of water
deprivation. In one phase of the experiment, three deprivation conditions that replicated conditions
in Heyman and Monaghan (1987) were arranged, along with three less extreme deprivation con-
ditions. In a second phase, water deprivation was arranged so that subjects were exposed to a greater
range of access to water per day. Herrnstein’s hyperbola described the rats’ response-rate data well.
The y asymptote, k, of the hyperbola appeared roughly constant over the conditions that replicated
those of Heyman and Monaghan, but decreased markedly when less extreme deprivation conditions
were included. In addition, k varied systematically when the second method of arranging deprivation
was used. These results falsify a strong form of matching theory and confirm predictions made by
linear system theory.
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Herrnstein’s (1970) hyperbola,

kr
R 5 , (1)

r 1 re

describes the relationship between response
rate, R, and reinforcement rate, r, on single-
alternative schedules of reinforcement. The
parameter k is the y asymptote of the hyper-
bola and represents the total amount of be-
havior that can be exhibited in a given envi-
ronment. The parameter re, represents the
rate of reinforcement obtained for responses
other than the instrumental response. Nearly
30 years of research on schedule perfor-
mance has left little doubt that the hyperbolic
form of Equation 1 accurately describes the
relationship between response and reinforce-
ment rates on single-alternative schedules
(McDowell, 1988).

Herrnstein (1970) obtained Equation 1
from his original matching equation by con-
ceptualizing single-alternative schedules as
two-alternative concurrent schedules with the
instrumental response as one alternative and
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the aggregate of all other behavior in the op-
erant chamber as the other alternative. He
then assumed that the sum of the response
rates on the two alternatives, which he des-
ignated k, was constant across changes in re-
inforcer properties. This assumption permit-
ted Herrnstein to obtain Equation 1 from the
matching equation. Without this assumption,
it is not possible to isolate the absolute rate
of instrumental responding, R, on one side
of the equation, and hence an expression re-
lating absolute response rate and absolute re-
inforcement rate cannot be obtained. In a lat-
er paper, Herrnstein (1974) noted that the
constant k assumption provides a means of
falsifying Equation 1 empirically. If k is found
to vary with changes in reinforcer properties,
then Equation 1 cannot be obtained algebra-
ically from the matching equation, and
Herrnstein’s (1970) conceptualization of sin-
gle-alternative responding as choice between
concurrently available alternatives is called
into question (McDowell, 1986).

The constant k assumption has not fared as
well as the hyperbolic form of Equation 1 in
empirical studies. In deVilliers’ (1977) early
review of incidental findings on k, he report-
ed mixed outcomes, some supporting the
constancy of k and others not. Subsequent re-
views (McDowell, 1980; Warren-Boulton, Sil-
berberg, Gray, & Ollom, 1985; Williams,
1988) reached similar conclusions. For ex-
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ample, several experiments have shown that
k does vary with reinforcer properties such as
concentration of sucrose in water (Bradshaw,
Szabadi, & Bevan, 1978; Heyman & Monagh-
an, 1994, first presentation), volume of su-
crose (Schrier, 1965, reanalyzed by deVilliers,
1977), type of food (Keesey & Kling, 1961,
reanalyzed by deVilliers, 1977), body weight
(Snyderman, 1983), shock voltage reduction
(Campbell & Kraeling, 1953, reanalyzed by
deVilliers, 1977), and intensity of brain stim-
ulation (Keesey, 1962, 1964, reanalyzed by
deVilliers, 1977), whereas other experiments
have shown no systematic change in k when
the volume of the reinforcer (Bradshaw, Rud-
dle, & Szabadi, 1981), duration of access to
the reinforcer (Kraeling, 1961, reanalyzed by
deVilliers, 1977), use of glucose versus su-
crose as the reinforcer (Guttman, 1954, re-
analyzed by deVilliers, 1977), hours of food
deprivation (Logan, 1960, reanalyzed by
deVilliers, 1977), or concentration of sucrose
in water (Heyman & Monaghan, 1994, sec-
ond presentation) was manipulated.

McDowell and Wood (1984, 1985) con-
ducted the most extensive and systematic ex-
periments directly investigating the constancy
of k. They found that k varied as a function
of reinforcer magnitude. In one study, for ex-
ample, McDowell and Wood (1984) reported
that the median k across human subjects in
their experiment varied 115% from the low-
est to the highest reinforcer magnitude
(cents per reinforcement). McDowell and
Wood (1984, 1985) also noted that a mathe-
matical account known as linear system the-
ory predicted the form of the variation in k
they observed. This theory was developed by
McDowell and his colleagues (McDowell,
1987; McDowell, Bass, & Kessel, 1983, 1993;
McDowell & Kessel, 1979), who showed that
the mathematical theory of linear systems
(Aseltine, 1958; Brown, 1961) can be used to
generate an equation that relates absolute re-
sponse rate, Rout, to absolute reinforcement
rate, Rin:

21
PB 1/R 1winR 5 ln 1 1 (e 2 1) 2 w* .out 5 6[ ]gPR

(2)

In this equation, PB represents response aver-
siveness or cost, PR represents reinforcer val-
ue, w and w* represent the durations of re-

inforcer and response events, and g is a scalar
constant that represents properties of the or-
ganism. McDowell (1980) showed that the
form of Equation 2 is indistinguishable from
the hyperbolic form of Equation 1 at ordi-
nary rates of responding and reinforcement,
and that the linear system theory permits
Herrnstein’s k to vary with reinforcer value,
although it specifies circumstances under
which the change in k may be small and
therefore difficult to detect. The relationship
between Equation 2 and Herrnstein’s k is ex-
plained in Appendix A.

McDowell and Wood (1984, 1985) argued
that existing data on the constancy of k were
consistent with the linear system theory. Ac-
cording to the theory, there are circumstanc-
es under which k may appear to be invariant,
but given appropriate experimental condi-
tions (such as the ones they arranged) k can
be shown to vary with reinforcer magnitude,
in direct violation of the strongest form of
matching theory. Soon after McDowell and
Wood’s papers appeared, their data and con-
clusions were challenged by Heyman and
Monaghan (1987), who reported the results
of experiments that seemed to show an in-
variant k. They studied rats’ lever pressing on
variable-interval (VI) schedules of water re-
inforcement at three levels of water depriva-
tion, namely, 6, 23.5, and 47.5 hr of depriva-
tion. The different levels of water deprivation
were presumed to produce different reinforc-
er values. Heyman and Monaghan obtained
a k for each condition and found that it was
roughly constant across the three deprivation
conditions. In addition, they dismissed Mc-
Dowell and Wood’s findings by arguing that
Equation 1 did not describe some of their re-
sponse-rate versus reinforcement-rate data
well, and hence that their findings with re-
spect to k should be disregarded. Given their
own results, and having dismissed the most
extensive and systematic contradictory find-
ings, Heyman and Monaghan concluded that
k was indeed constant across changes in re-
inforcer properties other than rate, just as
matching theory requires.

The principal purpose of the experiment
reported in this article was to investigate the
possibility that Heyman and Monaghan’s
(1987) results were due to their use of a
range of reinforcer magnitudes (i.e., depri-
vation levels) that was too small to produce
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detectable changes in k. In the first phase of
the experiment, Heyman and Monaghan’s 6-,
23.5-, and 47.5-hr deprivation conditions
were replicated using rats as subjects, and 0-,
2-, and 4-hr deprivation conditions were add-
ed. In this phase, Heyman and Monaghan’s
method of arranging deprivation was used.
This method allows at least 30 min of access
to water immediately after each experimental
session and then 5 min of access to water at
the nominal deprivation time. For example,
in the 6-hr deprivation condition, water was
available for 30 min immediately following
each session, and was again available 6 hr be-
fore the next session for a period of 5 min.
Notice that this method produces fairly se-
vere water deprivation regardless of the nom-
inal value of the condition. Even in the 0-, 2-,
4-, and 6-hr deprivation conditions, for ex-
ample, rats had access to water for only 35
min each day: 30 min immediately following
each session and 5 min 0, 2, 4, or 6 hr before
each session. In the second phase of the pres-
ent experiment deprivation was arranged ac-
cording to the actual nominal values of 4, 6,
12, and 18 hr of deprivation. In these con-
ditions, water was available in the home cage
except for the 4, 6, 12, or 18 hr preceding
each experimental session. These deprivation
conditions were much milder than those used
in the first phase of the experiment and pre-
sumably yielded smaller reinforcer magni-
tudes. In addition to the conditions in these
two phases of the experiment, two additional
conditions were arranged to test for the pos-
sible confounding effect of immediate post-
session watering.

METHOD
Subjects

Five experimentally naive male Long Evans
hooded rats served as subjects. Animals were
approximately 140 days old at the beginning
of the experiment and were housed in indi-
vidual cages. Food (Purina Rat Chow) was
freely available in the home cages at all times.
Water was available according to the depri-
vation schedule described below. The colony
room was under a light-dark cycle of 12 hr.

Apparatus
Three standard operant chambers were

used for all experiments (Med Associates,

two-lever operant conditioning chamber,
Model ENV-001). The interior dimensions of
each chamber were 28 cm long by 21 cm wide
by 21 cm high. Two response levers were lo-
cated on the front panel 8.6 cm above the
grid floor and 6 cm to the left and right of
center. Only the right lever was operative. A
minimum force of 0.15 N was required to reg-
ister a response. The force requirement
could be increased by adding 10-, 20-, 30-, or
50-g weights to a metal hook protruding from
the back side of the lever. A 28-VDC light cov-
ered by a 2.5-cm frosted lens was mounted
above each lever, 14 cm above the floor. Each
chamber also contained a 28-VDC houselight
and a Sonalertt tone generator. A hole (5.1
cm) in the front panel centered 5.4 cm above
the grid floor allowed access to a recessed
pan (3.0 cm diameter) in which water was de-
livered. The liquid dispenser was located
above the pan, and delivered 0.025-ml drop-
lets of water. Each chamber was equipped
with a white noise generator to mask extra-
neous sounds, and was contained within a
sound-attenuating cubicle. Ventilation fans
were located on the back sides of the cubi-
cles. Events within the chamber were con-
trolled and data were recorded by a comput-
er operating under MED-PCt software.

Procedure

Pretraining. Rats’ lever pressing was hand
shaped during two to four 70-min sessions.
After obtaining 70 reinforcers, rats were ex-
posed to a variable-ratio (VR) 5 schedule un-
til steady responding was established. For the
next 12 sessions, rats continued to work on
the VR 5, but the force required to register a
response was gradually increased. The force
requirement was increased from 10 g to 20 g
to 30 g, and then to 50 g. Approximately
three sessions were required at each weight
level. The force requirement remained at 50
g throughout Phases 1 and 2.

Phase 1 deprivation. Rats were exposed to a
series of VI schedules at six levels of water
deprivation. The nominal values of the dep-
rivation conditions were 0, 2, 4, 6, 23.5, and
47 hr of deprivation. In the 47-hr condition,
rats received 60 min of free access to water
in their home cages immediately following
each session. In the 23.5-hr condition, rats re-
ceived 30 min of free access to water in their
home cages immediately following each ses-
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Table 1

Order of deprivation conditions and number of sessions
in each condition (DPW 5 delayed postsession watering).

Rat Phase
Deprivation

(hr) Sessions

R1 1 6 13
2 18
0 17

23.5 13
47 37
4 15

2 6 12
4 12

18 15
12 13

DPW 12 12
6 12

R2 1 2 17
23.5 27
4 22

47 17
6 27
0 25

2 6 37
18 17
12 36

DPW 12 12
6 19

R14 1 4 12
6 24
0 14

23.5 15
2 13

47 21
2 6 22

18 14
12 12

DPW 12 19
6 17

R16 1 0 14
2 25

47 12
4 16
6 20

23.5 14
2 6 14

18 20
12 20

DPW 12 30
6 12

R19 1 23.5 14
4 27

47 12
2 22
6 14
0 12

2 6 12
18 14
12 24

DPW 12 13
6 13

sion. In the remaining conditions, rats re-
ceived 30 min of free access to water in their
home cages immediately following each ses-
sion and then 5 min of free access to water
in their home cages 0, 2, 4, or 6 hr before
the start of the next session. Following each
session, the rats’ water-drinking behavior was
observed in their home cages to test for sa-
tiation. Sessions were conducted on alternate
days in the 47-hr condition, except as noted
below, and daily in the other conditions. All
sessions were conducted at the same time
each day. The order of presentation of dep-
rivation conditions is listed in Table 1 and was
random without replacement for each rat;
that is, the first deprivation condition was se-
lected at random, then the second depriva-
tion condition was selected at random from
the remaining five conditions, and so on. All
rats lost weight rapidly in the 47-hr condition.
Because of severe weight loss, R1, R2, and
R14 were removed periodically from the dep-
rivation regime and given free access to water.
The regime was suspended from two to seven
times during the 47-hr condition for these
rats, and remained suspended for 1 to 4 days
on each occasion. Rats did not participate in
experimental sessions during periods of free
access to water.

Phase 2 deprivation. The total duration of
access to water per day varied little in the
Phase 1 deprivation conditions, and the con-
ditions were fairly severe. In Phase 2, four
deprivation conditions were chosen to pro-
duce greater variability in the total duration
of access to water per day and less severe wa-
ter deprivation. Specifically, 4-, 6-, 12-, and 18-
hr deprivation conditions were arranged such
that the nominal value of each condition
specified the number of hours before each
experimental session during which water was
unavailable in the home cages. Water was
available in the home cages at all other times.
After each session, the rats’ water-drinking
behavior was observed in their home cages to
test for satiation. Sessions were conducted
daily and at the same time each day. The or-
der of presentation of deprivation conditions
is listed in Table 1 and was random without
replacement for each rat.

VI series and discriminative stimuli. Experi-
mental sessions for both Phase 1 and Phase 2
consisted of five VI components separated by
blackouts. During sessions subjects respond-
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ed on one of five VI schedules for 540 s, then
received a 300-s blackout, and then respond-
ed on the next schedule for 540 s, and so on
until all schedules were presented. The mean
interval durations for the VI schedules were
5, 10, 30, 75, and 150 s in both phases of the
experiment. For each schedule the pro-
grammed interreinforcement intervals were
determined by Fleshler and Hoffman’s
(1962) method. The sequence of schedules
within each session was random without re-
placement. This procedure was identical to
that used by Heyman and Monaghan (1987).

Each VI schedule was associated with a
unique set of stimuli. The stimulus conditions
were the same as those used by Heyman and
Monaghan (1987), except that a 1000-Hz
tone was used instead of a clicker. For all five
schedules, the left stimulus light was illumi-
nated continuously. For the VI 150-s sched-
ule, no additional discriminative stimulus was
arranged. For the VI 75-s schedule, the right
stimulus light flashed on for 0.2 s and off for
2.5 s (slow flash). For the VI 30-s schedule,
the tone flashed on for 0.2 s and off for 2.5
s (slow flash). For the VI 10-s schedule, the
right stimulus light and the tone simulta-
neously flashed on for 0.2 s and off for 1.5 s
(medium flash). Finally, for the VI 5-s sched-
ule, the right stimulus light and the tone si-
multaneously flashed on for 0.2 s and off for
0.25 s (fast flash). At the end of each VI com-
ponent (i.e., during the blackouts), all stim-
ulus lights and the houselight were extin-
guished, the tone was silent, and lever
pressing had no effect.

Reinforcement. Reinforcement consisted of a
0.025-ml bead of water dropped into the re-
cessed pan. During reinforcement the inter-
val timer, the session timer, the stimulus
lights, and the tone were inoperative. Only
the houselight remained illuminated. The
duration of this reinforcement period was
held constant at 4.0 s throughout the exper-
iment.

Delayed postsession watering conditions. Two
follow-up conditions were arranged to assess
the effects of immediate postsession watering
on responding. The first condition was a 12-
hr deprivation condition in which postsession
water was delayed 5 hr. In this condition, 5
hr after each session rats were given 6 hr of
free access to water, followed by 12 hr of wa-
ter deprivation before the start of the next

session. The second condition was a 6-hr dep-
rivation condition in which postsession water
was delayed 11 hr. Eleven hours after each
session, rats were given 6 hr of free access to
water, followed by 6 hr of water deprivation
before the start of the next session. All rats
received the 12-hr deprivation condition first,
followed by the 6-hr deprivation condition.
The VI series, discriminative stimuli, method
of schedule presentation, and reinforcement
used in Phases 1 and 2 were also used in the
delayed postsession watering conditions.

RESULTS

Rats R2, R14, R16, and R19 did not re-
spond in the 4-hr deprivation condition in
Phase 2. The other deprivation conditions,
including the delayed postsession watering
conditions, remained in effect for a mini-
mum of 12 sessions and continued until re-
sponding was stable. Stability was determined
by time-series analysis of response rates in
eight-session blocks using Young’s (1941) C
statistic, which detects trends in ordered se-
quences (a 5 0.10; Tryon, 1982). In all cases
the statistical judgment of stability was con-
firmed by visual inspection. For all rats, sta-
bility was achieved within 37 sessions in Phas-
es 1 and 2, and within 30 sessions in the
follow-up conditions. The number of sessions
in each condition is listed in Table 1. All rats
in all deprivation conditions that supported
responding engaged in uninterrupted drink-
ing for at least 5 min following each experi-
mental session, indicating that satiation did
not occur in any session.

Reinforcement and response rates were av-
eraged over the last eight sessions at each VI
value in each condition. The average rates in
Phases 1 and 2, and their standard errors, are
listed in Appendix B. Equation 1 was fitted to
the average reinforcement and response rates
by the method of least squares (McDowell,
1981). The resulting estimates of k and re,
their standard errors, and the percentages of
variance accounted for by the fits are listed
in Table 2. Equation 1 provided an excellent
description of these rats’ response rates. For
45 of the 46 fits, the equation accounted for
at least 90% of the response-rate variance. Re-
siduals were examined by plotting the stan-
dardized residual against the predicted re-
sponse rate, as recommended by Pedhazur
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Table 2

Estimates of k and re and the percentage of variance accounted for (%VAF) by fits of Equation
1 to average response and reinforcement rates for individual rats in Phases 1 and 2. The
standard errors of the estimates of k and re are given in parentheses.

Rat
Deprivation

(hr) k re %VAF

Average
amount of
water per

session (ml)

R1
Phase 1 47 57.3 (4.6) 53.3 (15.8) 95 2.83

23.5 80.5 (7.3) 97 (28.1) 96 2.92
6 83.4 (7.5) 213.2 (47.3) 99 2.72
4 63.9 (10.8) 127.4 (63.7) 93 2.83
2 93.8 (16.5) 521.1 (159) 99 2.61
0 36.5 (7.6) 278.2 (104.4) 98 1.73

Phase 2 18 60.2 (15.8) 376.6 (189.5) 97 2.60
12 79.8 (10) 588.7 (120.5) 100 2.56
6 52.5 (8) 475.7 (113.9) 100 2.26
4 30.5 (18.1) 391.4 (329.8) 97 1.28

R2
Phase 1 47 58.4 (3.7) 102.8 (16.8) 99 2.94

23.5 97.2 (5.5) 202.1 (29.4) 99 2.92
6 100.5 (11.6) 427.7 (96.3) 99 2.85
4 86 (9.8) 309.5 (76.6) 99 2.87
2 91 (13.9) 433.3 (124) 99 2.71
0 78.6 (30) 830.3 (436.7) 99 2.15

Phase 2 18 84.3 (12.3) 706.9 (161) 100 2.55
12 47.2 (6.1) 394.7 (92.4) 99 2.38
6 53.2 (10.6) 724.2 (196.7) 100 1.71

R14
Phase 1 47 19.6 (1.5) 14.4 (6.3) 78 2.67

23.5 17.1 (1) 24 (6.5) 92 2.61
6 19.1 (2.4) 96.2 (32.1) 93 2.32
4 21.8 (2.7) 132.4 (41.1) 96 2.38
2 16 (1.7) 162.5 (40.6) 98 2.12
0 4.2 (1) 36.7 (15.6) 90 0.91

Phase 2 18 15.9 (1.2) 141 (26.5) 99 2.23
12 13.8 (2.2) 104.2 (44.6) 94 2.12
6 5.5 (1) 94.5 (26.9) 98 0.91

R16
Phase 1 47 102 (16) 339.2 (112.3) 98 2.91

23.5 115.8 (27) 969.2 (323.9) 99 2.62
6 30.7 (2.8) 267.1 (45.8) 100 1.99
4 24.8 (4.6) 308.9 (93.3) 99 1.80
2 25.7 (12.1) 347.2 (243.2) 94 1.51
0 40.4 (17.9) 511.8 (307.9) 99 1.33

Phase 2 18 72.6 (6.9) 1,105.7 (130.4) 100 1.29
12 12 (1.5) 188.7 (38.1) 99 1.18
6 3.7 (2) 129.4 (90.9) 98 0.30

R19
Phase 1 47 86.2 (7.4) 230.2 (48.3) 99 2.95

23.5 85.8 (12.2) 230.2 (79.2) 97 2.94
6 97.4 (26.6) 709.4 (312.7) 99 2.72
4 71.7 (12.2) 361.4 (121.6) 99 2.68
2 77.8 (16.1) 462.6 (177.9) 98 2.72
0 53.4 (11.8) 433.6 (157) 99 2.01

Phase 2 18 64.4 (12.9) 577.4 (186.5) 99 2.36
12 24.3 (5.1) 298.5 (95.4) 99 1.01
6 22.1 (12) 548.4 (381.3) 99 0.88
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Fig. 1. Median ks from Heyman and Monaghan’s
(1987) experiment (open circles, dashed line) and me-
dian ks from comparable conditions of the present ex-
periment (filled circles, solid line) plotted as a function
of hours of water deprivation.

(1982). Regression analyses of these residuals
revealed no significant linear, quadratic, cu-
bic, quartic, quintic, or hexic polynomial
trends for any rat, or for the residuals pooled
across rats. In addition, the residuals ap-
peared to be homoscedastic, and were uncor-
related with obtained reinforcement rates
(average Pearson r 5 20.09). There were no
outlier residuals (defined as z . 2) and, con-
trary to Baum’s (1993) finding, there was no
evidence of an upturn in response rates at
high reinforcement rates. These results indi-
cate that the assumptions required to fit
Equation 1 by the method of least squares
were met, and that the rats’ response rates
showed no systematic deviation or any other
unusual departure from Equation 1.

The 6-, 23.5-, and 47-hr deprivation condi-
tions in Phase 1 constituted a direct replica-
tion of Heyman and Monaghan’s (1987) Ex-
periment 3. Most of the procedural details in
Phase 1 were identical, or nearly identical, to
those in Heyman and Monaghan’s experi-
ment, including the method of water depri-
vation, the VI values, the method of schedule
presentation, the discriminative stimuli asso-
ciated with the schedules, the size of the re-
inforcer, and the effortful force requirement
on the lever. There were four differences be-
tween the experiments: (a) Each used a dif-
ferent strain of rat, (b) Heyman and Mon-
aghan used a clicker instead of a tone as part
of the discriminative stimuli, (c) Heyman and
Monaghan used a slightly higher force re-
quirement on the lever, and (d) Heyman and
Monaghan’s most severe deprivation condi-
tion lasted 47.5 instead of 47 hr.

Heyman and Monaghan (1987) reported
the median k across rats in each deprivation
condition. Their ks are plotted in Figure 1 as
open circles connected by dashed lines. The
median k across rats from the comparable
Phase-1 deprivation conditions are plotted as
filled circles connected by solid lines. The re-
sults from the comparable conditions of the
present experiment closely approximated
those from Heyman and Monaghan’s exper-
iment. In both cases the ks were roughly con-
stant from 6 to 23.5 hr of water deprivation.
The lower ks for the 47- and 47.5-hr depri-
vation conditions may have been due to the
compromised health of the rats in these con-
ditions. As noted earlier, all rats in the pres-
ent experiment lost weight rapidly in the 47-

hr deprivation conditions, and 3 of the 5 rats
required periodic suspension of the water-
deprivation regime. Weight loss ranged from
about 9% to about 17% of free-feeding body
weight during each bout of weight loss in this
condition. Although Heyman and Monaghan
did not report weight loss in their rats, other
experimenters have noted weight loss in rats
under extreme water-deprivation conditions
(e.g., Christensen-Szalanski, Goldberg, An-
derson, & Mitchell, 1980; Fallon, 1965; Finan,
1940).

The ks for individual rats in Phase 1 of the
present experiment are plotted as filled cir-
cles in Figure 2. The mean k across rats is
plotted in the bottom right panel. The ks for
the 47-hr deprivation condition are omitted
and will not be considered further because of
the possible confounding effect of weight loss
and compromised health in this deprivation
condition. The two rightmost points (filled
circles) in each panel show the ks for the 6-
and 23.5-hr conditions. Consistent with the
median ks in Figure 1, these individual-sub-
ject ks are roughly the same in the two con-
ditions for 4 of the 5 rats. However, the three
leftmost points (filled circles) in each panel
show that k decreased with decreasing depri-
vation level for those same 4 rats. Considering
all Phase 1 conditions plotted in Figure 2, k
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Fig. 2. Herrnstein’s k from Phase 1 (filled circles) and Phase 2 (open circles) plotted as a function of hours of
water deprivation for each rat. Mean ks across rats are plotted in the bottom right panel.
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Table 3

Estimates of k and re and the percentage of variance ac-
counted for (%VAF) by fits of Equation 1 to average re-
sponse and reinforcement rates for individual rats in the
delayed postsession watering conditions. The standard er-
rors of the estimates are given in parentheses.

Rat

Dep-
riva-
tion
(hr) k re %VAF

R1 12 83 (14.7) 564.1 (72.1) 99
6 12.8 (1.7) 159.8 (41.6) 99

R2 12 54.6 (11.5) 464.7 (170.4) 99
6 57.3 (37.1) 1159.1 (855.2) 99

R14 12 12.4 (1.2) 128.9 (29) 99
6 2.1 (0.4) 29.4 (14.7) 88

R16 12 14.7 (9) 155.6 (184.9) 91
6 4.1 (4) 121.3 (147.5) 92

R19 12 53.1 (11.7) 335.7 (147.6) 98
6 5 (1.3) 158.3 (54.8) 99

increased from the least to the most severe
deprivation condition for all rats. The in-
crease in k ranged from 24% for R2 to 307%
for R14. The median percentage increase in
k was 120% (R1), which is consistent with the
approximately 100% increase in the mean k
across rats (bottom right panel).

The ks for individual rats in Phase 2 are
plotted as open circles in Figure 2, along with
the mean k across rats for this phase. Recall
that the Phase 2 deprivation conditions were
less severe than the Phase 1 conditions having
the same nominal values. The vertical sepa-
ration of the Phase 1 and Phase 2 ks in each
panel shows that the more severe Phase 1
deprivation conditions consistently produced
larger ks. The 6-hr deprivation conditions can
be compared directly across the two phases.
As shown in Figure 2, the 6-hr deprivation
condition in Phase 1 yielded a larger k than
the 6-hr deprivation condition in Phase 2 for
every rat. The mean k for this condition in
Phase 1 was 142% larger than the mean k in
Phase 2. A marked change in k was also evi-
dent within the Phase 2 conditions. All rats
showed an increase in k from the least to the
most severe deprivation level in this phase.

The estimated values of re also varied with
deprivation level. In Phase 1, re tended to de-
crease with deprivation level for 4 of the 5
rats. The exception was R16, whose re in-
creased with deprivation level. The function
form relating re to hours of deprivation in
Phase 2, including the 24-hr condition from
Phase 1, was more variable. For R1 and R2 it
was decreasing, for R14 and R19 it was rough-
ly flat, and for R16 it was increasing.

Data from the delayed postsession watering
conditions were averaged over the last eight
sessions at each VI value. The average rein-
forcement and response rates and their stan-
dard errors are listed in Appendix C. Equa-
tion 1 was fitted to the average reinforcement
and response rates by the method of least
squares (McDowell, 1981). The resulting es-
timates of k and re, their standard errors, and
the percentages of variance accounted for by
the fits are listed in Table 3. As was the case
for Phases 1 and 2, Equation 1 provided an
excellent description of the rats’ response
rates, accounting for nearly all the response-
rate variance in the majority of cases.

Differences between response rates in the
delayed and immediate (Phase 2) postsession

watering conditions at 12 and 6 hr of water
deprivation varied around zero, and in most
cases were small. The median difference
across VIs and rats between the two postses-
sion watering conditions at 12 hr of depriva-
tion was 0 responses per minute. The median
difference across VIs and rats at 6 hr of water
deprivation was 1 response per minute, with
the higher median response rate occurring in
the immediate postsession watering condition
(Phase 2). Independent t tests (assuming un-
equal variances and a 5 0.05) on each rat’s
response rates at 12 hr and at 6 hr of depri-
vation showed no significant differences be-
tween responding in the delayed and imme-
diate postsession watering conditions for any
rat. Clearly, there was no indication that im-
mediate postsession watering suppressed re-
sponse rate.

DISCUSSION
The results of Heyman and Monaghan’s

(1987) Experiment 3 were replicated in
Phase 1 of the present experiment. The y as-
ymptote, k, of Herrnstein’s hyperbola (Equa-
tion 1), remained roughly constant, at least
for the 6- and 23.5-hr deprivation conditions.
However, when the range of water-depriva-
tion conditions, and hence reinforcer mag-
nitudes, was extended to include less severe
levels and hence smaller reinforcer magni-
tudes, k was found to decline markedly. As
shown in Figure 2, the change in k was con-
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sistent across rats and methods of water dep-
rivation. Furthermore, the change in k could
not have been an artifact of the interaction
between immediate postsession watering and
deprivation level, which might have produced
relatively more suppression of response rates
at low than at high levels of water deprivation.
Not only was no interaction between imme-
diate postsession watering and deprivation
level found, but no effect at all of immediate
postsession watering was found (cf. Staddon
& Ettinger, 1989; Timberlake, 1984; Timber-
lake, Gawley, & Lucas, 1987).

The change in k shown in Figure 2 violates
the strongest form of Herrnstein’s matching
theory, which requires k to remain constant
across changes in reinforcer magnitude
(Herrnstein, 1974; McDowell, 1986). As not-
ed earlier, if k is not constant, then Equation
1 cannot be obtained algebraically from the
original matching equation (Herrnstein,
1970). These results do not, however, invali-
date the form of Equation 1. On the contrary,
there is overwhelming evidence that the form
of the relationship between response and re-
inforcement rates is very nearly, if not exactly,
hyperbolic (e.g., deVilliers & Herrnstein,
1976; McDowell, 1988; present experiment,
Tables 1 and 2). These results also do not
falsify a purely algebraic form of matching
theory (McDowell, 1986), which permits k to
vary, nor do they bear on matching theory’s
account of concurrent schedules.

It may be worthwhile to reconsider the data
from McDowell and Wood (1984, 1985), who
directly and systematically investigated Herrn-
stein’s constant k assumption. According to
McDowell and Wood, their data showed con-
sistent violations of this assumption. But Hey-
man and Monaghan (1987) argued that a
straight line often described McDowell and
Wood’s data better than a hyperbola: ‘‘In
sum, the relation between response rate and
reinforcement rate often did not conform to
the predictions of Equation 1 [a hyperbola],
and under these conditions, conclusions
based on Equation 1 may be of questionable
value’’ (Heyman & Monaghan, 1987, p. 392).
It is important to recognize that any set of
data with a true monotonic increasing trend
will be reasonably well described by a variety
of monotonically increasing function forms,
including a straight line. The appropriate
question is not whether one or another func-

tion form can describe a set of data, but
whether a particular form describes the data
best. In the case of McDowell and Wood’s
data, for example, fits of Equation 1 to their
68 individual-subject data sets can be com-
pared to fits of a straight line. For a more
stringent test of whether McDowell and
Wood’s data are best described by a hyper-
bola, other monotonically increasing func-
tion forms that are much closer to hyperbolic
in form can be fitted to their data (cf. de-
Villiers & Herrnstein, 1976). Two good choic-
es are the asymptotic exponential,

2r/bR 5 m(1 2 e ), (3)

and the asymptotic power function,
2bR 5 m[1 2 (r 1 1) ], (4)

where R and r represent response and rein-
forcement rates, and m and b are parameters
of the equations. Like a hyperbola, both of
these equations pass through the origin, are
concave downward, and have y asymptotes in
the first quadrant. In addition, their differ-
ential properties are very similar to those of
a hyperbola (e.g., given appropriate parame-
ter values, the functions increase rapidly from
the origin and have continuously decreasing
first derivatives in the first quadrant). None
of these hyperbola-like features is character-
istic of a straight line.

Equations 3 and 4 were fitted to the 68 in-
dividual-subject data sets from McDowell and
Wood’s (1984, 1985) experiments using a
least squares criterion. The percentages of
variance accounted for by a line and by Equa-
tions 3 and 4 were then compared to the per-
centages of variance accounted for by a hy-
perbola using Wilcoxon’s matched-pairs
signed-ranks test. The results of this compar-
ison are shown in Table 4. As expected, all
function forms provided reasonably good de-
scriptions of the data, and Equations 3 and 4
provided better descriptions than a straight
line. But as shown in the first column of Table
4, a hyperbola on average accounted for an
additional 8% of the data variance when com-
pared to a line, an additional 5% of the var-
iance when compared to Equation 3, and an
additional 3% of the variance when com-
pared to Equation 4. Moreover, the superi-
ority of the hyperbola was statistically signifi-
cant in each case. Hence, a hyperbola not
only described McDowell and Wood’s data
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Table 4

Results of Wilcoxon’s matched pairs signed ranks test comparing fits of a hyperbola (Equation
1) to fits of a line, an asymptotic exponential (Equation 3), and an asymptotic power function
(Equation 4) to the 68 data sets from McDowell and Wood (1984, 1985). The first column
shows the mean difference between the percentage of variance accounted for (%VAF) by a
hyperbola and the %VAF by the comparison form. Positive values indicate greater %VAF by
the hyperbola. Values of T, z, and p (two tailed) are given for Wilcoxon’s matched pairs signed
ranks test. The significant p values show that the hyperbola accounted for a greater percentage
of the variance of the 68 data sets than did the other forms.

Comparison

Mean
difference
in %VAF T z p

Hyperbola vs. line 8.12 825 22.13 , .05
Hyperbola vs. exponential 5.24 461 24.35 K .01
Hyperbola vs. power function 3.16 725 22.74 , .01

better than a line, but it also described their
data better than two functions with hyperbo-
la-like forms.

This analysis suggests that Heyman and
Monaghan’s (1987) concern about McDowell
and Wood’s (1984, 1985) data was unwar-
ranted. Their data are in fact well described
by Equation 1, and hence it seems reasonable
to accept their estimates of k as valid. This
means that the results of McDowell and
Wood’s experiments, Heyman and Monagh-
an’s experiment, and the present experiment
are all consistent: Herrnstein’s k varies over
an appropriately selected range of reinforcer
magnitudes, in direct violation of matching
theory. In other words, these experiments
contradict Herrnstein’s constant k assump-
tion, and hence cast doubt on the original
theoretical foundation of Equation 1.

Given the results of these four experiments
(Heyman & Monaghan, 1987; McDowell &
Wood, 1984, 1985; and the present experi-
ment), it is not surprising that findings from
other research bearing on Herrnstein’s con-
stant k assumption are mixed. But to falsify
the strongest form of matching theory, it is
only necessary to show that k varies reliably
over some range of reinforcer magnitude, and
the evidence for this is clear. Failures to find
a variable k may be due to inadequate sam-
pling of the magnitude range, as in Heyman
and Monaghan (1987), or to using a response
with too small a cost (McDowell, 1980; Mc-
Dowell & Wood, 1985), or to varying a prop-
erty of the reinforcer that does not affect its
value, or to some combination of these rea-
sons.

Falsifiability

Even in the strongest form of matching
theory, k is permitted to vary when the in-
strumental response changes (Herrnstein,
1974). For example, the value of k can be dif-
ferent for a pigeon pecking a key on a series
of VI schedules than for a pigeon pressing a
treadle on the same series of VI schedules. In
one case all behavior is measured in terms of
a key peck, and in the other it is measured
in terms of a treadle press.

Finding different ks in an experiment
might lead one to check the responses to
make sure they were the same in the various
conditions. It seems that if they were found
to be the same in every obvious way, then one
could conclude that the theory is false. But it
is possible to argue instead that the responses
might have differed in some subtle way, thus
generating a theoretically acceptable varia-
tion in k. For example, perhaps the initial
blow on the lever was more forceful in one
condition than in another. One might then
set up recording equipment to detect the ini-
tial force on the lever. It seems that if no dif-
ference in initial force were detected, then
one could assert that the responses did not
differ and conclude that the theory must be
false. But it is possible to argue instead that
an even more subtle difference might have
caused the ks to vary in a manner consistent
with the theory. Perhaps, for example, the be-
havior was psychologically more onerous in
one condition than in another. This argu-
ment can continue indefinitely. In spite of
any data that might be collected, ever more
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subtle differences in behavior could be in-
voked to account for the different ks. From
this point of view, no type or amount of evi-
dence can falsify matching theory.

The Charybdis of unfalsifiability arises be-
cause it is not possible to prove the null con-
dition, namely, that the responses are the
same; it is only possible to detect a difference.
Unfalsifiability is not usually considered a vir-
tue in a scientific theory (e.g., Herrnstein,
1969). To avoid succumbing to it in this in-
stance, reasonable steps must be taken to en-
sure that the responses are the same. We
agree with Herrnstein (1974), that when in-
strumental behavior reasonably can be said to
remain unchanged, a variable k falsifies
matching theory. In all deprivation condi-
tions of the present experiment, the same le-
ver with the same force requirement was
used, and no differences were noted in the
form of the rats’ lever pressing (although no
detailed data, such as force measurements,
were collected). We believe that our finding
of a variable k under these circumstances in-
dicates that the strongest form of matching
theory is false.

Linear System Theor y

As mentioned earlier, linear system theory
(McDowell, 1987; McDowell et al., 1983,
1993; McDowell & Kessel, 1979) has pro-
duced an equation (Equation 2) relating re-
sponse and reinforcement rates. McDowell
(1980) showed that the form of this equation
is indistinguishable from the hyperbolic form
of Equation 1. This means that the well-doc-
umented hyperbolic relationship between re-
sponse and reinforcement rates is described
equally well by Equations 1 and 2. Of course,
the theoretical basis of Equation 2 is very dif-
ferent from that of Herrnstein’s hyperbola. It
is based on two straightforward observations,
namely that reinforcement and response
events occur in time, and that present behav-
ior depends on past reinforcement events
(McDowell et al., 1993). An important math-
ematical consequence of the linear system
theory is that it requires Herrnstein’s k to
vary with reinforcer magnitude (McDowell,
1980). McDowell and Wood (1984, 1985)
found that the form of the variation in k they
observed was consistent with the form re-
quired by linear system theory. Like McDow-
ell and Wood’s data, the present data also

bear on the linear system theory’s prediction
regarding Herrnstein’s k. According to the
theory, k is required to vary approximately
with reinforcer value, PR, according to

2mPRk ù , (5)
P 2 bR

where m and b are parameters of the equation
(McDowell, 1980). The derivation of Equa-
tion 5 is given in Appendix A. The equation
has a negative y asymptote, a positive x as-
ymptote, and is concave upward in the first
quadrant. According to this unusual and
counterintuitive function form, k should in-
crease with PR in the first quadrant, and
should do so more rapidly as PR gets large,
until finally PR exceeds the positive x asymp-
tote of Equation 5. At this point responding
suddenly goes to zero (in the region of neg-
ative ks).

The principal problem in applying Equa-
tion 5 is deciding what quantities to use for
reinforcer value, PR. For the present data, the
nominal deprivation values are clearly inap-
propriate because different deprivation meth-
ods were used in the two phases of the ex-
periment. It is interesting to note that this
problem, namely determining the relation-
ship between the reinforcing value of water
and the nominal deprivation level, is a prob-
lem in psychophysics. One possible solution
to this problem is to use the average amount
of water consumed per session at a given dep-
rivation level as an estimate of the reinforcing
value of water in that condition. In other
words, it seems reasonable to suppose that
given equal opportunity and constraint (i.e.,
identical session lengths and schedule values
in all deprivation conditions), the amount of
water consumed is a measure of its value. This
measure of reinforcer value has good face va-
lidity, but it also might be worthwhile to ask
whether it is consistent with Stevens’ psycho-
physical power law (Herrnstein & Brown,
1975), which states that the judged or effec-
tive magnitude of a stimulus is a power func-
tion of its physical magnitude. To answer this
question, a power function was fitted to data
relating the amount of water consumed to
the nominal deprivation level for each rat in
each phase of the experiment. The average
amount of water consumed at each depriva-
tion level (average number of reinforcers
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Fig. 3. Herrnstein’s k for each rat from Phase 1 (filled circles) and Phase 2 (open circles) plotted as a function
of average amount of water consumed per session in each deprivation condition. Error bars represent 61 standard
error. Mean ks across rats are plotted in the bottom right panel. The method of obtaining the means is described in
the text. The smooth curve is the least squares fit of Equation 5. The proportion of variance accounted for by the
equation is given in the lower right corner of each panel.
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times 0.025 ml per reinforcer) is listed in the
last column of Table 2. A power function pro-
vided a good description of the relation be-
tween water consumed and nominal depri-
vation level in each phase of the experiment.
For the rats in Phase 1, in numerical order, a
power function accounted for 97%, 97%,
98%, 71%, and 98% of the variance of the
average amount of water consumed per ses-
sion. When water consumption was averaged
across rats in Phase 1, a power function ac-
counted for 100% of the variance in water
consumed. The fits in Phase 2 were also
good, but with only three data points for most
rats, they are not good tests of the power
function form. These results support the view
that the average amount of water consumed
per session is a reasonable measure of rein-
forcer value.

To examine the validity of Equation 5, the
ks from both phases of the experiment are
plotted in Figure 3 against the average
amount of water consumed. The average
across rats is shown in the bottom right panel
and was obtained by dividing the x axis from
0 to 3 ml into nine equal segments, and then
averaging the x values within each segment
and the y values within each segment. Eight
data points appear in this panel because the
second segment contained no data. The plots
in Figure 3 show that the average amount of
water consumed in Phase 2 tended to be less
than the average amount consumed in Phase
1. This is consistent with the view that rein-
forcer value tended to be lower in the less
severe Phase 2 conditions. Notice also that
the increases in k as reinforcer value in-
creased were quite large for every rat. The
increase in k from the lowest to the highest
reinforcer value ranged from 83% for R2 to
over 30-fold for R16. For the average data, k
increased more than 20-fold from the lowest
to the highest reinforcer value. These plots
are consistent with those in Figure 2, but they
present a different and more striking view of
the change in Herrnstein’s k because of the
common metric for reinforcer value. The
smooth curve drawn through the points in
each panel is the least squares fit of Equation
5. The number in the lower right corner of
each panel gives the proportion of variance
accounted for by the fit. The approximate
function form required by linear system the-
ory described these somewhat noisy data rea-

sonably well. Hence, consistent with the find-
ings of McDowell and Wood (1984, 1985),
the change in k in the present experiment
agreed not only qualitatively but also quanti-
tatively with the prediction of linear system
theory.

These results suggest that Equation 2 may
be a reasonable candidate for replacing Equa-
tion 1. Its form is very nearly hyperbolic (Mc-
Dowell, 1980), as any reasonable candidate
equation must be, and it both qualitatively
and quantitatively predicts the violation of
matching theory found in the present exper-
iment and in McDowell and Wood’s (1984,
1985) experiments. Equation 2 also has the
advantage of expressing response rate as a
joint function of reinforcement rate (Rin), re-
inforcer value (PR), and response aversive-
ness (PB), all of which are known to affect
response rate (Baum & Rachlin, 1969;
Chung, 1965; Ferster & Skinner, 1957). Mc-
Dowell (1987) showed that the relationship
between response rate and reinforcer value
specified by Equation 2 describes existing
data well, and McDowell and Kessel (1979)
showed that at least one data set was consis-
tent with the equation’s specification of how
response rate varies jointly with reinforce-
ment rate and reinforcer value. Further ad-
vances in the application of Equation 2 may
require a more careful consideration of the
psychophysics of reinforcer value and the psy-
chophysics of response aversiveness, so that
unambiguous values can be assigned to PR
and PB.
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APPENDIX A

APPENDIX B

Mean reinforcement and response rates in Phases 1 and 2. The number in parentheses is the
standard error of the mean.

Rat
Deprivation

(hr)

VI (seconds)

5 10 30 75 150

R1
Phase 1 47 rft/hr 582 (7) 318 (6) 120 (7) 45 (5) 18 (4)

rsp/min 48 (3) 55 (2) 39 (2) 26 (3) 14 (1)
23.5 rft/hr 636 (12) 329 (5) 108 (4) 51 (6) 20 (3)

rsp/min 65 (3) 69 (1) 40 (3) 27 (3) 15 (1)
6 rft/hr 578 (25) 305 (17) 104 (4) 41 (4) 13 (4)

rsp/min 59 (5) 53 (7) 26 (4) 13 (3) 4 (1)
4 rft/hr 586 (7) 326 (6) 115 (8) 41 (3) 20 (4)

rsp/min 47 (1) 54 (2) 29 (2) 12 (0.3) 9 (2)
2 rft/hr 548 (16) 281 (10) 92 (5) 39 (3) 21 (2)

rsp/min 49 (3) 30 (2) 15 (2) 9 (2) 4 (1)
0 rft/hr 309 (50) 222 (21) 74 (8) 37 (4) 19 (2)

rsp/min 18 (5) 18 (3) 7 (2) 4 (1) 3 (0.5)
Phase 2 18 rft/hr 512 (15) 293 (13) 98 (5) 35 (5) 26 (3)

rsp/min 33 (4) 30 (5) 10 (1) 5 (1) 2 (0.1)
12 rft/hr 522 (14) 263 (10) 93 (8) 39 (5) 28 (3)

rsp/min 38 (1) 24 (3) 10 (1) 6 (1) 4 (1)

McDowell (1980) showed that an expres-
sion for Herrnstein’s k can be obtained from
the series expansion approximation of the
rate equation (Equation 2). The expression
for k, with the power parameter substitutions
explained in McDowell (1987), is

21
2w* wP e (1 2 e )B2w*k ù (e 2 1) 2 .[ ]gPR

Finding a common denominator and taking
the reciprocal of the right side produces

gPRk ù .
2w* 2w* wgP (e 2 1) 2 P e (1 2 e )R B

Dividing top and bottom by ,2w*g(e 2 1)

1
PR2w*e 2 1

k ù ,
2w* wP e (1 2 e )BP 2R 2w*g(e 2 1)

and letting
w*1 e

2m 5 5 and
2w* w*e 2 1 1 2 e

2w* w wP e (1 2 e ) P (e 2 1)B Bb 5 5 ,
2w* w*g(e 2 1) g(e 2 1)

we have
2mPRk ù ,
P 2 bR

which is an expression for Herrnstein’s k as
a function of PR. This equation relates Herrn-
stein’s k to the series expansion approxima-
tion of the rate equation (Equation 2).
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Rat
Deprivation

(hr)

VI (seconds)

5 10 30 75 150

6 rft/hr 443 (51) 247 (20) 84 (13) 31 (5) 14 (3)
rsp/min 25 (4) 18 (2) 7 (1) 4 (1) 2 (1)

4 rft/hr 214 (59) 133 (38) 45 (12) 21 (7) 13 (5)
rsp/min 10 (4) 9 (4) 2 (1) 1 (0.3) 1 (1)

R2
Phase 1 47 rft/hr 635 (4) 323 (6) 113 (6) 52 (5) 26 (4)

rsp/min 58 (2) 54 (2) 33 (2) 23 (1) 16 (1)
23.5 rft/hr 650 (7) 331 (7) 101 (5) 45 (3) 28 (5)

rsp/min 75 (2) 60 (2) 30 (2) 20 (2) 14 (2)
6 rft/hr 624 (7) 330 (6) 101 (4) 36 (4) 25 (4)

rsp/min 59 (1) 45 (2) 16 (2) 10 (1) 6 (1)
4 rft/hr 605 (10) 323 (8) 115 (3) 40 (5) 26 (3)

rsp/min 55 (2) 47 (3) 20 (3) 10 (1) 8 (1)
2 rft/hr 556 (30) 310 (12) 97 (6) 39 (3) 26 (6)

rsp/min 50 (4) 41 (3) 14 (2) 8 (1) 4 (1)
0 rft/hr 430 (37) 199 (12) 71 (8) 42 (3) 18 (4)

rsp/min 21 (4) 14 (2) 5 (1) 3 (0.4) 2 (0.2)
Phase 2 18 rft/hr 541 (24) 259 (18) 88 (8) 39 (6) 27 (4)

rsp/min 36 (3) 23 (3) 8 (1) 5 (1) 4 (0.5)
12 rft/hr 450 (28) 263 (12) 77 (10) 37 (3) 27 (4)

rsp/min 25 (4) 20 (2) 7 (3) 4 (1) 3 (0.2)
6 rft/hr 342 (54) 130 (29) 60 (8) 31 (4) 22 (3)

rsp/min 17 (4) 8 (3) 4 (1) 3 (1) 2 (0.2)

R14
Phase 1 47 rft/hr 517 (9) 293 (6) 112 (7) 44 (4) 22 (4)

rsp/min 18 (1) 17 (1) 20 (1) 15 (2) 11 (1)
23.5 rft/hr 462 (10) 286 (9) 112 (6) 51 (5) 27 (3)

rsp/min 15 (1) 16 (0.4) 15 (1) 11 (1) 8 (0.4)
6 rft/hr 413 (31) 240 (13) 81 (12) 47 (2) 30 (4)

rsp/min 15 (1) 14 (2) 7 (1) 7 (1) 6 (1)
4 rft/hr 452 (25) 242 (4) 84 (5) 42 (5) 28 (5)

rsp/min 17 (1) 13 (1) 7 (1) 6 (1) 5 (0.5)
2 rft/hr 381 (57) 223 (10) 86 (10) 34 (6) 21 (5)

rsp/min 11 (2) 9 (1) 5 (1) 3 (1) 2 (0.3)
0 rft/hr 115 (44) 73 (26) 51 (8) 25 (6) 15 (2)

rsp/min 3 (2) 2 (1) 3 (1) 2 (5) 1 (0.2)
Phase 2 18 rft/hr 435 (26) 207 (24) 80 (8) 46 (6) 20 (3)

rsp/min 12 (1) 9 (1) 5 (1) 4 (1) 2 (0.4)
12 rft/hr 367 (35) 234 (13) 79 (6) 35 (4) 17 (3)

rsp/min 10 (1) 10 (1) 5 (1) 4 (1) 2 (1)
6 rft/hr 104 (40) 87 (18) 48 (9) 23 (5) 14 (3)

rsp/min 3 (1) 2 (1) 2 (0.3) 1 (0.3) 1 (0.3)

R16
Phase 1 47 rft/hr 612 (6) 337 (8) 112 (5) 45 (6) 26 (5)

rsp/min 65 (3) 53 (3) 20 (1) 15 (1) 10 (1)
23.5 rft/hr 545 (13) 275 (16) 93 (6) 43 (5) 26 (5)

rsp/min 41 (3) 26 (4) 8 (1) 6 (1) 4 (1)
6 rft/hr 356 (43) 203 (30) 75 (13) 32 (6) 21 (4)

rsp/min 18 (4) 13 (3) 6 (2) 3 (1) 3 (1)
4 rft/hr 251 (57) 217 (15) 72 (12) 32 (5) 28 (4)

rsp/min 11 (3) 11 (1) 4 (1) 2 (0.4) 2 (0.3)
2 rft/hr 244 (56) 110 (31) 50 (11) 34 (5) 27 (4)

rsp/min 11 (5) 6 (3) 2 (1) 3 (1) 3 (1)
0 rft/hr 230 (67) 133 (31) 41 (10) 23 (3) 16 (3)

rsp/min 12 (5) 9 (4) 2 (1) 2 (1) 1 (0.4)
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Rat
Deprivation

(hr)

VI (seconds)

5 10 30 75 150

Phase 2 18 rft/hr 322 (51) 97 (44) 56 (13) 15 (8) 15 (5)
rsp/min 16 (3) 6 (3) 3 (1) 1 (0.4) 1 (0.3)

12 rft/hr 187 (50) 106 (24) 45 (12) 23 (4) 15 (5)
rsp/min 6 (2) 4 (1) 2 (1) 1 (0.3) 1 (0.3)

6 rft/hr 47 (16) 21 (10) 7 (5) 8 (3) 2 (1)
rsp/min 1 (0.3) 0.5 (0.2) 0.2 (0.2) 0.2 (0.1) 0.1 (0.1)

R19
Phase 1 47 rft/hr 638 (9) 341 (4) 119 (6) 44 (5) 19 (5)

rsp/min 62 (2) 54 (2) 26 (2) 14 (1) 9 (1)
23.5 rft/hr 624 (12) 332 (6) 118 (8) 48 (4) 25 (3)

rsp/min 59 (3) 57 (2) 27 (3) 13 (1) 7 (1)
6 rft/hr 594 (17) 284 (10) 104 (5) 44 (4) 18 (3)

rsp/min 44 (3) 30 (6) 9 (1) 6 (1) 3 (1)
4 rft/hr 541 (17) 302 (11) 93 (8) 48 (7) 25 (6)

rsp/min 41 (4) 36 (5) 14 (4) 7 (2) 3 (1)
2 rft/hr 605 (11) 274 (14) 102 (5) 38 (6) 28 (4)

rsp/min 45 (3) 26 (5) 17 (3) 6 (1) 4 (1)
0 rft/hr 385 (67) 202 (42) 78 (8) 33 (5) 18 (5)

rsp/min 25 (7) 18 (7) 6 (2) 4 (2) 2 (1)
Phase 2 18 rft/hr 478 (51) 249 (33) 80 (14) 35 (7) 28 (5)

rsp/min 29 (5) 21 (5) 6 (2) 4 (1) 2 (0.2)
12 rft/hr 182 (70) 113 (52) 40 (15) 12 (4) 4 (2)

rsp/min 7 (3) 9 (5) 2 (1) 1 (0.5) 0.3 (0.2)
6 rft/hr 181 (32) 55 (23) 23 (13) 15 (6) 5 (2)

rsp/min 5 (1) 2 (1) 1 (0.4) 1 (0.5) 0.4 (0.1)

APPENDIX C

Mean reinforcement and response rates in the delayed postsession watering conditions. The
number in parentheses is the standard error of the mean.

Rat
Deprivation

(hr)

VI (seconds)

5 10 30 75 150

R1 12 rft/hr 560 (12) 289 (14) 90 (5) 33 (8) 18 (4)
rsp/min 41 (2) 29 (4) 9 (1) 6 (2) 3 (1)

6 rft/hr 242 (37) 129 (26) 42 (10) 25 (7) 14 (4)
rsp/min 8 (1) 6 (1) 2 (1) 2 (1) 1 (1)

R2 12 rft/hr 485 (39) 283 (15) 88 (10) 43 (5) 21 (5)
rsp/min 27 (3) 22 (2) 7 (2) 5 (1) 4 (1)

6 rft/hr 215 (47) 112 (30) 39 (10) 33 (3) 20 (2)
rsp/min 9 (3) 5 (2) 1 (0.4) 1 (0.2) 1 (0.2)

R14 12 rft/hr 317 (20) 193 (31) 60 (11) 31 (6) 21 (5)
rsp/min 8 (1) 8 (1) 4 (1) 2 (0.5) 2 (0.5)

6 rft/hr 61 (13) 50 (14) 35 (7) 21 (4) 11 (2)
rsp/min 1 (0.3) 1 (0.5) 1 (0.2) 1 (0.2) 1 (0.1)

R16 12 rft/hr 163 (71) 167 (44) 22 (11) 16 (7) 10 (4)
rsp/min 6 (3) 9 (2) 1 (1) 1 (1) 1 (0.3)

6 rft/hr 38 (29) 10 (8) 13 (9) 7 (3) 7 (4)
rsp/min 1 (1) 0.2 (0.2) 0.3 (0.2) 0.3 (0.2) 0.3 (0.2)

R19 12 rft/hr 496 (51) 263 (35) 75 (10) 35 (7) 16 (4)
rsp/min 30 (4) 26 (5) 8 (2) 4 (1) 2 (0.4)

6 rft/hr 70 (21) 30 (10) 9 (5) 8 (2) 4 (2)
rsp/min 1 (0.5) 1 (0.3) 0.2 (0.1) 0.3 (0.1) 0.2 (0.1)


